Background: Radiotherapy for breast cancer may expose the esophagus to ionizing radiation, but no study has evaluated esophageal cancer risk after breast cancer associated with radiation dose or systemic therapy use.
Background: Radiotherapy for breast cancer may expose the esophagus to ionizing radiation, but no study has evaluated esophageal cancer risk after breast cancer associated with radiation dose or systemic therapy use.
Design: Nested case-control study of esophageal cancer among 289 748 ≥5-year survivors of female breast cancer from five population-based cancer registries (252 cases, 488 individually matched controls), with individualized radiation dosimetry and information abstracted from medical records.
Results:
The largest contributors to esophageal radiation exposure were supraclavicular and internal mammary chain treatments. Esophageal cancer risk increased with increasing radiation dose to the esophageal tumor location (P trend < 0.001), with doses of ≥35 Gy associated with an odds ratio (OR) of 8.3 [95% confidence interval (CI) 2. . Patients with hormonal therapy ≤5 years preceding esophageal cancer diagnosis had lower risk (OR = 0.4, 95% CI 0.2-0.8). Based on few cases, alkylating agent chemotherapy did not appear to affect risk. Our data were consistent with a multiplicative effect of radiation and other esophageal cancer risk factors (e.g. smoking).
Conclusions: Esophageal cancer is a radiation dose-related complication of radiotherapy for breast cancer, but absolute risk is low. At higher esophageal doses, the risk warrants consideration in radiotherapy risk assessment and long-term follow-up. Key words: breast cancer, esophageal cancer, radiotherapy, second cancer introduction Breast cancer is the most frequently diagnosed cancer among women worldwide [1] . In recent decades, the prognosis for breast cancer patients has improved considerably [2] [3] [4] . The resulting large population of long-term breast cancer survivors is at risk for subsequent malignancies associated with late effects of treatment.
The occurrence of esophageal cancer among breast cancer survivors is of particular concern because the esophagus is within or near the border of several radiotherapy fields commonly used to treat breast cancer [2] . Previous studies of second cancers in breast cancer survivors have documented increased esophageal cancer risks [2, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , possibly related to radiotherapy [2, 5, 7, 8, 10, 16, 17, 20, 21] . However, no study has quantified the radiation dose-response relation for esophageal cancer, evaluated the risk associated with other breast cancer treatments (chemotherapy, hormonal agents), or investigated modification of the radiation-related risk by chemotherapy, hormonal agents, or other esophageal cancer risk factors [22] [23] [24] .
We conducted a multi-center nested case-control study within a cohort of 289 748 breast cancer patients (diagnosed 1946-1996) , collecting detailed treatment and esophageal cancer risk factor data to provide new insights into esophageal cancer risk following the treatment of breast cancer [25] .
methods study design and patients
Women who survived ≥5 years following first primary, histologically confirmed invasive breast cancer or ductal carcinoma in situ (DCIS) reported to population-based cancer registries in Denmark (1943 Denmark ( -1999 , Finland (1953 Finland ( -2002 , Sweden (1958 Sweden ( -2002 , Iowa (USA, 1973 (USA, -2001 , or Ontario (Canada, 1964 (Canada, -2003 were potentially eligible (n = 289 748). Registry reports identified cases with second primary invasive esophageal cancer ≥5 years after breast cancer. For cases with available medical records, two controls per case were identified by stratified random sampling from the cohort, individually matching by registry, race (Iowa/Ontario), birth date (±5 years), breast cancer diagnosis date (±5 years), and survival without subsequent cancer at least as long as the matched case's interval from breast cancer to esophageal cancer. The final study population included 252 cases and 488 matched controls (for additional details, see supplementary methods, available at Annals of Oncology online). The study was approved by each study center's institutional review board and exempted from review by the National Cancer Institute because analyses used only existing, de-identified data.
data collection and review
Detailed data from hospital, clinic, radiotherapy, physician, and cancer registry records were abstracted onto standardized forms. Information was collected on demographics, breast cancer diagnosis and treatment, esophageal cancer risk factors (smoking, alcohol, height, weight, and family history of cancer), and, for cases, esophageal cancer diagnosis.
Radiotherapy data were obtained from full treatment records, treatment summaries, radiotherapy notes, and treatment planning information. Detailed data were available for 411/452 (91%) patients receiving radiotherapy. Abstracted radiotherapy details included dates of administration, reason for treatment ( primary or recurrence), beam energy, dose delivered, and field location and configuration. Information on chemotherapy and hormonal agents included specific drugs/regimens and dates and the duration of administration or number of cycles, including all treatments given before the date of esophageal cancer diagnosis (comparable date for controls). Drug doses were not collected.
Abstracted data on cigarette smoking and alcohol consumption included amount and status (current use at the time of medical record report or year quit). Former smokers were identified by medical record reports indicating that the patient quit ≥5 years preceding esophageal cancer diagnosis (comparable date for controls). Data on family history of cancer in firstdegree relatives included relationship to the patient and cancer type. To minimize potential bias arising from more complete information on smoking, alcohol, and family history of cancer for cases than controls, only data recorded at least one year preceding esophageal cancer diagnosis (comparable date for controls) were used. Body mass index (BMI, kg/m 2 )
was computed at breast cancer diagnosis. Data on smoking, alcohol, family history of cancer, and BMI were available for 42%, 23%, 47%, and 66% of cases, respectively, and 44%, 27%, 42%, and 54% of controls, respectively. For cases, pathology, radiology, surgery, endoscopy, hospital, clinic, and registry records were reviewed to confirm esophageal cancer diagnoses. Tumor location data ( proximal/distal ends, length) were abstracted from endoscopy reports and imaging studies and translated to bony landmarks for dosimetry.
radiation dosimetry
Radiation doses to the esophagus and gastroesophageal (GE) junction were estimated using a custom-designed dose program, based on measurements in water and anthropomorphic phantoms constructed of tissue-equivalent material [26] . Dosimetry was based on individual patient's fields and dose information abstracted from radiotherapy records.
Women in our study population were treated with medial and lateral tangential or direct chest radiotherapy fields (including boosts), with/ without supraclavicular, direct internal mammary chain (IMC), and axillary fields (Figure 1) , with 73% of women receiving radiation following modified or radical mastectomy. Beam energies included cobalt-60 gamma rays, orthovoltage X-rays (100-400 kVp), photons (4-18 MV), and electrons (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . Cumulative target doses to the breast and/or peripheral regions were typically 40-50 Gy, using conventional fractionation. We reviewed the location of the supraclavicular field relative to midline for each patient due to its variable contribution to the esophagus dose (Figure 1 ). Doses were calculated for each patient at 24 positions, each located centrally in the esophagus, anterior to the midpoint of each vertebrae and intervertebral disc from C6 (depth of 3.6 cm from the skin surface) to T10 (depth: 11.2 cm), plus the GE junction (T10/T11, 2 cm left of midline, depth: 10.7 cm ). Esophagus depths were derived from CT scans of normal BMI females. The total radiation dose at each position along the esophagus was computed by summing doses from all treatments received ≥5 years preceding esophageal cancer diagnosis (comparable date for controls); only 18 patients received radiotherapy within 5 years of esophageal cancer diagnosis. Analyses of radiotherapy risks used dose to the esophageal tumor midpoint (comparable location for controls); for the 12 (5%) cases with unknown tumor location, analyses used dose to the esophagus midpoint (T6/7-T7/8).
statistical analysis
The relative risk of esophageal cancer was estimated using odds ratios (ORs) derived from conditional logistic regression analyses, comparing cases' exposure histories with those of individually matched controls, using the software package Epicure [27] . The general model for most analyses was as follows: OR = exp(∑ j α j x j ) [1 + βz] , where z is radiation dose in Gy, β is the excess OR per Gray (EOR/Gy), the x j are variables measuring chemotherapy, hormone therapy, or other risk factors, and the OR for x j is given by exp(α j x j ). This linear dose-response model has been used extensively in epidemiologic evaluations of radiation risks [28] . Two-sided P-values and 95% confidence intervals (CI) were based on the likelihood ratio statistic. Missing data were handled by including indicator variables.
To calculate absolute excess risk after 25 years, we used non-Hispanic white age-specific esophageal cancer rates from Surveillance, Epidemiology, and End Results (SEER) registries [29] to estimate the number of esophageal cancers expected in the absence of radiation exposure, taking account of competing risks in the US female general population. These estimates were then multiplied by the dose of interest and the EOR/Gy. Results using esophageal cancer rates from the other international cancer registries in this study were similar (results not shown). The attributable risk was calculated by summing the quantities E/(1 + E) over all cases, where E = dose × EOR/Gy.
Additional details on the statistical analysis are provided in supplementary methods, available at Annals of Oncology online. Figure 1 Mean radiation dose to the esophagus, by region of the esophagus, for specific breast cancer radiotherapy fields. IMC, internal mammary chain. The upper, middle, and lower esophagus were defined as C6-T4, T4/5-T7/8, and T8-T10/11, respectively. a Percentage of cases and controls with radiotherapy who received a particular field, excluding women with unknown fields. Beam energies included cobalt-60 gamma rays (53%), orthovoltage x-rays (100-400 kVp; 36%), photons (4-18 MV; 18%), and electrons (6-20 MeV; 21%). b Most IMC fields were direct anterior fields.
results
Median age at breast cancer diagnosis was 59 years (range, 28-88 years), and over half the patients were diagnosed in 1975 or later (Table 1) . During the study period, the use of breast-conserving surgery, chemotherapy, and hormonal agents increased, whereas the use of radiotherapy decreased. Nearly all women (96% cases, 92% controls) were in clinical remission from breast cancer at the time of esophageal cancer diagnosis (comparable date for controls). The median interval between breast cancer and esophageal cancer was 13 years (range, 5-37 years). The esophageal cancers diagnosed were predominantly squamous cell carcinoma (71%) and occurred more often in the upper or middle than lower esophagus. Overall survival after esophageal cancer diagnosis was poor [232/252 (92%) died; median, 6 months; range, 0-11 years].
Radiotherapy was administered to 167 (66%) cases and 285 (58%) controls. The supraclavicular region was the most common radiotherapy target, and the supraclavicular field with a medial border at or over the midline resulted in the highest mean doses to the esophagus, particularly the upper region (>15 Gy, Figure 1 ). IMC irradiation, which became less frequently used during the study period, resulted in relatively high mean doses to the middle esophagus (>15 Gy). Other commonly used radiotherapy fields, including the axillary, tangential breast, and direct fields to the breast or chest wall, delivered lower mean doses to all regions of the esophagus (<2 Gy).
Esophageal cancer risk increased with increasing radiation dose to the esophageal tumor location (P trend < 0.001, Table 2 ). Compared with women who received no radiation dose to the esophageal tumor location, risk was 8.3-fold increased when doses reached ≥35 Gy (95% CI 2.7-28). There was little Table 2 (P = 0.39) or a linear-quadratic model (P = 0.08). Radiationrelated risks were similar for esophageal squamous cell carcinoma and adenocarcinoma, although the trend for adenocarcinoma was not significant (P = 0.16). Overall, we estimate that 75/252 (30%) of the esophageal cancer cases in this study can be attributed to radiotherapy, but among women with a dose of ≥20 Gy to the esophageal tumor location, 51/71 (72%) can be attributed to radiotherapy. Nevertheless, the absolute risk of esophageal cancer is low: among 1000 women aged 60 at breast cancer diagnosis receiving an esophagus radiation dose of 30 Gy, an excess of five esophageal cancers due to radiation might be expected over 25 years, though this excess would likely vary by other esophageal cancer risk factors. Alkylating agent-containing chemotherapy was not associated with esophageal cancer risk, regardless of the duration or specific chemotherapy regimen, among the few women in our study who received such chemotherapy (18 cases, 33 controls; Table 2 ). Women receiving hormonal agents (mainly tamoxifen) had lower risk of esophageal cancer, primarily when treated in the 5 years preceding esophageal cancer diagnosis (comparable date for controls; OR = 0.4, 95% CI 0.2-0.8; Table 2 ). The duration of hormonal agent use was not associated with esophageal cancer risk (P trend > 0.5). Multivariate analyses that included variables for all three treatments gave very similar results (not shown).
In analyses of other esophageal cancer risk factors, risk was increased for current, heavy cigarette smoking (OR = 2.4, 95% CI 1.1-5.7) and for moderate (OR = 3.1, 95% CI 1.1-8.5) or heavy (OR = 6.9, 95% CI 2.1-25) alcohol consumption (Table 3) , with the alcohol excess limited to squamous cell carcinomas. Family history of cancer increased esophageal cancer risk, particularly family history of lung cancer (OR = 6.3, 95% CI 2.0-24; Table 3 ). As BMI increased, risk of esophageal squamous cell carcinoma decreased (P trend = 0.02, Table 3 ), whereas risk of adenocarcinoma increased (P trend = 0.002). There was little indication that esophageal cancer risk factors confounded treatment-related risks: inclusion of these risk factors in multivariate models did not materially alter the estimated treatment-related risks, whether based on all data or based only on patients with data on the risk factor of interest (results not shown). Table 4 presents radiation-related esophageal cancer risks (≥20 versus 0-19.9 Gy) for various patient subgroups. Risk peaked 10-24 years after breast cancer and remained nonsignificantly elevated at ≥25 years. Risk was not strongly related to age at breast cancer or esophageal cancer diagnosis but appeared somewhat higher for women diagnosed at younger ages. Although esophageal cancer risk was slightly higher among women receiving combined alkylating agentcontaining chemotherapy and ≥20 Gy radiation, this risk estimate was based on few exposed women. Risks for ≥20 versus 0-19.9 Gy radiation did not differ by type of initial surgery for breast cancer, but patients generally received lower doses to the esophagus following partial mastectomy. Our data were consistent with a multiplicative effect of radiation and other esophageal cancer risk factors. Similar results were observed in analyses considering radiation dose as a continuous rather than categorical variable, with the exception original articles Annals of Oncology of potential interactions with age at esophageal cancer diagnosis and chemotherapy (P homogeneity = 0.07 and 0.04, respectively; results not shown). Treatment-related risk estimates based on all patients were similar to those obtained in sensitivity analyses excluding case sets without histologically confirmed esophageal cancer (n = 28) or patients with lapses in the follow-up (5 cases, 13 controls). Treatment-related risk estimates were similar in influence analyses systematically excluding each study center, except for suggested elevated risk with alkylating agentcontaining chemotherapy when Ontario was excluded (OR = 2.1, 95% CI 1.0-8.8, 14 cases/22 controls received such chemotherapy from the remaining four registries).
discussion
In a large, population-based study of breast cancer survivors, we provide the first risk estimates for treatment-related esophageal cancer, using detailed, individualized radiation dosimetry and data on chemotherapy and hormonal agents. BMI, body mass index; CI, confidence interval; OR, odds ratio. a Data on cigarette smoking, alcohol consumption, and family history of cancer were ascertained up to 1 year prior to esophageal cancer diagnosis (or comparable date for controls). b All risk estimates were adjusted for continuous radiation dose. Cigarette smoking and alcohol consumption were evaluated in the same analysis, thus each is also adjusted for the other. Light, moderate, and heavy alcohol consumption was defined as <7, 7-20, and ≥21 drinks per week, respectively. Family history by cancer type was evaluated in a multivariate analysis. Upper GI cancer includes esophagus, stomach, and pancreas.
e BMI was computed from height and weight data within 5 years of breast cancer diagnosis. Risks are provided by histology only because of the substantially different effects.
Annals of Oncology original articles
Because radiation dose varied >20-fold along the length of the esophagus, we analyzed doses to the specific tumor location to enable sensitive quantification of radiation-related risk.
Esophageal cancer risk increased with increasing radiation dose to the tumor location, reaching 8.3-fold at doses ≥35 Gy. Although the absolute risk of esophageal cancer is low, the risk The mean radiation dose to the esophageal tumor location for patients with ≥20 Gy was similar for cases and controls within each category. Risk estimates compared patients who received ≥20 Gy to the esophagus tumor location with a referent group of patients who received <20 Gy. Analyses included a variable indicating patients with unknown radiation dose, including patients with unknown radiotherapy (3 cases, 8 controls) and patients who received radiotherapy but had insufficient information for dose estimation (9 cases, 23 controls).
warrants consideration in radiation therapy risk assessment, and in the long-term follow-up of patients, particularly when the supraclavicular or IMC field has been irradiated. Because of the long induction period for solid cancers, investigations of late effects of treatment cannot fully address carcinogenic risks associated with current treatment practices. However, our study provides risk estimates for a number of radiotherapy treatments that remain in use for breast cancer, including supraclavicular irradiation, which can deliver high doses to the upper esophagus. The axillary, tangential breast and direct chest fields are commonly used today but deliver relatively low doses to the esophagus (mean < 2 Gy). We found no evidence of increased risk at such doses, but esophageal cancer has been linked with radiation doses <5 Gy in other settings [28, 30, 31] , and concerns remain regarding the doses to other organs (e.g. heart, lung) from breast cancer radiotherapy [32] . IMC irradiation also resulted in relatively high doses to the esophagus in our study. The use of more modern radiation techniques (oblique fields, intensity-modulated radiotherapy) and infrequent use of a separate IMC field lower doses to the esophagus [33] .
Radiation-related esophageal cancer risk was highest 10-24 years after initial radiotherapy, consistent with previous reports of increased risk among long-term breast cancer survivors [5, 8, 9, 12, [14] [15] [16] [17] [18] 20] . Some studies have suggested higher esophageal cancer risks among women diagnosed with breast cancer at a younger age [7-10, 12, 13] . Our data are compatible with those studies and with declining risk with increasing age at esophageal cancer, although these findings were not statistically significant. Similar radiation-related risks were seen for squamous cell carcinomas and adenocarcinomas, but the estimates for adenocarcinomas were based on small numbers. The higher risks for squamous cell carcinomas reported in studies without individual dose estimates may reflect higher radiation doses from breast cancer radiotherapy to the upper and middle esophagus, where squamous cell carcinomas tend to occur, compared with the lower esophagus, where adenocarcinomas typically develop [5, 11, 14, 20] . The lack of a radiation association following partial mastectomy reported previously [19] may also be explained by the lower doses received by these patients; we found no difference in radiation risks by the type of initial surgery when dose was taken into account. We did not observe attenuation of esophageal cancer risk at high doses (≥35 Gy). However, the EOR/Gy in this study was lower than previous reports in populations with lower radiation doses [30, 31] , suggesting that the risk per Gy may be lower in the higher dose range, although differences in fractionation or study population (e.g. age at exposure, gender) may also contribute.
Chemotherapy use increased substantially during the study period with the introduction of cyclophosphamide-containing regimens [3] . Alkylating agents such as cyclophosphamide are carcinogenic [34, 35] , and animal studies support the sensitivity of esophageal tissue to DNA alkylation (e.g. by nitrosamines) [36, 37] . We observed no increase in esophageal cancer risk among the few women receiving alkylating agentcontaining chemotherapy, suggesting that chemotherapy alone is not an important determinant of esophageal cancer risk.
However, we did note higher radiation-related esophageal cancer risk among women receiving alkylating agent chemotherapy, supporting further study of chemotherapyrelated esophageal cancer risk.
Our data suggested reduced esophageal cancer risk among women receiving hormonal agents ( primarily tamoxifen) in the 5 years preceding esophageal cancer diagnosis. Molecular studies demonstrate estrogen receptor expression in some esophageal squamous cell and adenocarcinomas [38] , but previous studies of tamoxifen and esophageal cancer have been inconsistent [7, 38, 39] . The time-dependent nature of our observation raises the possibility that tamoxifen may inhibit esophageal cancer progression, but could also be spurious. Further studies are needed to investigate this effect.
Our data were consistent with a multiplicative effect of radiation and other esophageal cancer risk factors (smoking, alcohol consumption, family history of cancer, and BMI). These results support the need for patients receiving chest radiotherapy to avoid cigarette smoking in particular [40, 41] . Although comprehensive data on esophageal cancer risk factors were not available in our medical record-based study, analyses revealed no indication of confounding by these factors, and yielded risk estimates similar to those reported in the literature for de novo esophageal cancer, supporting the validity of our data [22] .
A further limitation of our study was lack of centralized pathology review of the esophageal cancers since archived diagnostic materials were not available. However, 89% of cases were histologically confirmed, and breast cancer metastases to the esophagus are rare [42] . In addition, small sample size for certain subgroup analyses (e.g. combined chemotherapy and radiotherapy) and uncertainties in the dosimetry due to insufficient detail in the medical records limited our ability to draw definitive conclusions, and our results may not be generalizable to male or non-Caucasian breast cancer survivors.
Although esophageal cancer is a frequently fatal complication of radiotherapy for breast cancer, the absolute risk of esophageal cancer following breast cancer is low. Nevertheless, patient and clinician education is warranted to heighten suspicion of esophageal cancer at the first sign of dysphagia or other symptoms of esophageal disease, particularly for breast cancer survivors who received IMC or supraclavicular irradiation and have other esophageal cancer risk factors, thus lowering the threshold for endoscopy. In addition, our data suggest the importance of considering the dose to the esophagus in radiation therapy dose planning to further quantify the risks and benefits associated with radiotherapy [2] .
